The photodynamic properties of two quinones, 4-methoxydalbergione (DS1) and sissoidenone (DS2), and a coumarin, dalbergin {6-hydroxy-7-methoxy-4-phenylcoumarin, (DS3)}, have been studied. Photogeneration of singlet oxygen ( 1 O 2 ) was monitored by both optical and EPR methods. Based on RNO bleaching, relative to Rose Bengal (RB), the singlet oxygen generating efficiencies of DS1, DS2, and DS3 were determined as 0.10, 0.051 and 0.041, respectively. Using the SOD inhibitable cytochrome c reduction assay, the photogeneration of superoxide anion (O 2 −• ) was monitored. The formation of O 2 −• was enhanced in the presence of electron donors such as EDTA, DETAPAC and NADH. Photolysis of DS1 and DS3 in DMSO in the presence of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) generated a twelve line EPR spectrum characteristic of an O 2 −• adduct. In the photosensitization of the DS series, both Type I and Type II paths were involved. The quantum mechanically calculated lowest unoccupied molecular orbital (LUMO) energies of DS1 and DS2 were correlated with the experimental redox potential. Photoinduced DNA scission by DS1, DS2, and DS3 confirms the generation of O 2 −• from these metabolites.
Quinones are widely distributed in nature and are clinically used for the treatment of malignancies [1] . The clinically used antitumor quinones, mitomycin and streptonigrin possess a p-benzoquinone moiety with heterocyclic groups [2] . The benzoquinone derivatives, 4-methoxydalbergione (DS1) sissoidenone (DS2), and the coumarin derivative, dalbergin (6-hydroxy-7-methoxy-4-phenylcoumarin) (DS3), are naturally occurring compounds present in the heartwood of Dalbergia sissoides [3, 4] . Dalbergia is an important genus of trees, shrubs and woody climbers belonging to the family Leguminosae, sub-family Papilionaceace [5] . Several Dalbergia species are of economic importance [6] , and some of them have medicinal properties. Compounds extracted from Dalbergia species exhibit antiplasmodial [7] , antiangiogenesis [8] , antiinflammatory [9] , antiulcerogenic [10] , antimicrobial [11] , antiarthritic [12] and leishmanicidal [13] activities. Dalbertins A, B and C, from Dalbergia species, have been found to be potential chemopreventive agents (antitumor promoters) [14] . D. sissoides, considered to be a variety of D. latifolia, is a large deciduous tree [15] , known in India as rose wood. Many naturally occurring quinones are known for their antitumor activity [16] . The quinone, 4methoxydalbergione (DS1), present in D. sissoides, is found to exhibit antiallergic, antiinflammatory and antiplasmodial activities [17] . There is considerable interest in studies on photogeneration of ROS in relation to photodynamic therapy [18, 19] pathways. Photosensitizers, upon absorption of light, get excited from the ground state (S) to a triplet state ( 3 S), and either transfer electrons to molecular oxygen to produce superoxide anion O 2 ? • (Type I) or transfer their energy to generate singlet oxygen ( 1 O 2 ) (Type II). The photoinduced cytotoxic activity of furocoumarins, coumarin conjugates of pyrrole-and imidazole-containing distamycin analogues have been reported [20] . 4-Phenylcoumarins, extracted from the leaves of Marila pluricostata, are reported to have cytotoxicity against the MCF-7, H-460 and SF-268 human cancer cell lines [7] . Coumarins, thiocoumarins and furocoumarins are also found to act as photosensitizers in relation to the generation of singlet oxygen and superoxide anion [21, 22] . A kinetic analysis of 8-methoxypsoralen-sensitized photooxidation of cystein and reduced glutathione, supports the involvement of a singlet oxygen mechanism [23] . In view of the current interest in the photodynamic action of naturally occurring quinones and coumarins, we have investigated two quinones, 4-methoxydalbergione (DS1) and sissoidenone (DS2), and a coumarin, dalbergin (DS3), extracted from D. sissoides (Figure 1 ), for their photogeneration of singlet oxygen and superoxide radical anion. The effect of electron donors such as ethylenediaminetetraacetic acid (EDTA) and reduced nicotinamide adenine dinucleotide (NADH) on the efficiencies of production of ROS by these compounds is also reported, as are the antimicrobial activity and the photoinduced DNA cleavage. The redox potential is correlated with the LUMO energies. [26] . In reference to the singlet oxygen generating efficiency of RB, (? 1 O 2 = 0.76), the quantum yield of 1 O 2 generated was determined for the sensitizers DS1, DS2 and DS3. The bleaching of RNO as a function of irradiation time by DS1, DS2, DS3 and RB is shown in Figure 2 . The singlet oxygen quantum yields were computed to be 0.10, 0.051 and 0.041 for DS1, DS2 and DS3, respectively. Further experiments were carried out in the presence of the specific singlet oxygen quencher, DABCO, to confirm the photogeneration of 1 O 2 in the bleaching of RNO. The RNO bleaching rate constants in the presence of imidazole (10 mM) and DABCO (10 mM) are comparable [27] . Hence it is expected that the rate of RNO bleaching should be reduced to 50% if equal concentrations of imidazole and DABCO are used. In the present work, the experiments were carried out in the presence of 10 mM imidazole and 10 mM DABCO and the bleaching rate was decreased by about 50% when compared to the rate of RNO bleaching in the absence of DABCO ( Figure  3 ). This result confirms the generation of 1 O 2 during the photodynamic process [27, 28] . 
Singlet oxygen detection

EPR method:
When the sensitizers and RNO absorb in the same region, the optical RNO bleaching method suffers a setback. In the EPR technique, the problems related to optical study are eliminated. Hence the EPR-TEMPL method was also used to measure the 1 O 2 yield. Under identical conditions, the EPR TEMPL experiment was carried out for RB, DS1, DS2 and DS3. The reaction mixture containing 0.02 M TEMPL and 0.1 mM sensitizers in DMSO was irradiated and the increase in EPR signal intensity was followed as a function of time. As the result of oxidation of TEMPL by 1 O 2 , TEMPOL, a stable nitroxide free radical, showed a three-line EPR spectrum [29] . The formation of an EPR signal intensity of TEMPOL was not observed in the dark. EPR spectra were recorded using a JEOL JES 100 ESR spectrometer operating at X-band frequency with 100 KHz field modulation. Samples were injected into a gas-permeable Teflon capillary tube (0.8 mm inside diameter, 0.5 mm wall thickness) folded and inserted into a narrow quartz tube and placed in the EPR cavity [30, 31] . The EPR spectrum of three equal intense lines, characteristic of TEMPOL nitroxide radical, was observed when the aerated solutions of DS1, DS2, DS3 and TEMPL in DMSO were irradiated at room temperature. The EPR signal intensity of TEMPOL was found to increase with increase of irradiation time, as shown in Figure 4 . RB also showed the formation of TEMPOL under the same conditions. The relative 1 O 2 generating ratios of RB, DS1, DS2 and DS3 were found to be 1:0, 27:0, 20:0 and 1:3, respectively. These values are comparable to the values determined by the RNO bleaching method. Singlet oxygen generation during photoirradiation is further confirmed by studying the effect of sodium azide on the sensitizers. The addition of sodium azide (2 mM), an 1 O 2 quencher, suppressed the EPR signal intensity of TEMPOL, confirming the formation of 1 O 2 (Figure 4 ). 
Detection of superoxide anion
Optical method: To measure the superoxide generating efficiencies of the sensitizers, the SOD inhibitable cytochrome c reduction method [32] was followed. When air-saturated solutions of DS1, DS2 and DS3 were photolysed in the presence of cytochrome c (40 μM) in 50 mM phosphate buffer (pH = 7.4), the reduction was monitored, spectrophotometrically, at 550 nm, using є 550 = 20000 M -1 cm -1 for the reduced -oxidized cytochrome c [33] and the rate of superoxide generation was determined to be 0.025, 0.0035 and 0.0017 μM/sec, respectively ( Figure 5 ). The rate of
photoreduction of cytochrome c was also studied in the presence of electron donors such as EDTA, DETAPAC and NADH. The rate of cytochrome c reduction was enhanced in the presence of electron donors, as shown in Figure 6 . This enhancement is indicative of the anionic nature of the intermediate formed during the photodynamic process [34] . In the presence of electron donors such as EDTA, DETAPAC and NADH, the pathways of 1 O 2 generation can effectively switch over into their production of the anionic species S? • due to the interaction of the electron donor with the triplet state of the sensitizer, as shown in scheme 1. In the presence of oxygen, the electron transfer can occur from S? • to O 2 . The various photophysical processes are outlined in Scheme 1. Addition of SOD (50 µg/mL) was found to inhibit cytochrome c reduction, thus confirming the formation of O 2 ? •during irradiation of the sensitizers.
EPR spin trapping
Photogeneration of superoxide anion was also investigated using the EPR spin trapping method [35, 36] . Solutions of sensitizers (200 µM) and DMPO (100 mM) in DMSO, placed in a quartz cuvette, were continuously stirred using a magnetic stirrer during irradiation. The irradiated reaction mixture (1 mL) was inserted into a narrow quartz tube, placed in the EPR cavity and the EPR signal intensity was measured as a function of time. A BASIC computer program was used to simulate the EPR spectra. In protic solvent, the lifetime of the spin adduct DMPO-O 2 ? • is short and the superoxide adduct decomposes to DMPO-OH [37] . Hence, EPR spin trapping studies were carried out in DMSO in which the DMPO-O 2 ? • adduct has a longer life time [38] . Experiments were repeated to monitor the signal intensity at different intervals of irradiation time. The intensity of the EPR signal of this adduct was found to increase with increasing time of irradiation. In the dark, as well as when DMPO alone was irradiated in DMSO, no EPR signal was observed ( Figure 7A ). However, the irradiation of DS1 (200 μM) and DMPO (100 mM) in aerated DMSO solution generated a multiline EPR spectrum, characteristic of a mixture of two types of spin adducts ( Figure 7B ), and was analyzed as a primary nitrogen triplet (AN = 14.6 G) split by a proton (AH? = 12.7 G), which in turn is further split by a secondary proton (AHγ = 1.4 G). The hyperfine coupling constants of the other spin adduct are (AN =14.2 G) and (AHβ = 12.7 G). These hfcc values are in good agreement with the reported values for DMPO-O 2 ? • and DMPO-OH adducts in DMSO [39] . The EPR spectra of these two spin adducts were computer-simulated using the corresponding hfcc (hyperfine coupling constant) values. When these two spectra, DMPO-O 2 ? • and DMPO-OH, respectively, were combined in the ratio of 8:2, the simulated EPR spectrum ( Figure 7C ) matched well with that of the experimentally observed one. Addition of SOD (50 µg/mL) prior to irradiation inhibited the formation of adduct ( Figure 7D ). These observations suggest the formation of DMPO-O 2 ? • as the primary product, which may have decomposed later as DMPO-OH. 
Cyclic voltammetry:
To investigate the redox potentials of DS1, DS2 and DS3, an electrochemical analyzer, BAS 50A, using a platinum electrode and Ag/AgCl reference electrode, was used. Glassy carbon was resurfaced with alumina before use. Solutions of sensitizers (2 mg; 5 mL of acetonitrile) were prepared in HPLC grade acetonitrile containing 0.05 M tetrabutylammonium perchlorate (TBAP), as supporting electrolyte. The solutions were deoxygenated for 10 minutes with nitrogen gas, prior to measurement and cyclic voltammograms were recorded under a nitrogen atmosphere. The reduction potentials for DS1, DS2 and DS3 were found to be -0.752, -0.721 and -0.496, respectively. The electrochemical data for DS1, DS2 and DS3 are given in Table 1 . Our results show that the photodynamic efficiency of quinone DS1, to generate both 1 O 2 and O 2 −• , is higher than quinone DS2 and coumarin DS3. This can be explained on the basis of substituents on the quinone rings of DS1 and DS2. DS1 contains a methoxy group, an electron-donating group, on the quinone ring, and the quinone DS2 contains a hydroxyl group (Figure 1) in the same place. This is in accordance with the report that electron-donating functional groups, such as amino and alkoxy groups, enhance the photodynamic efficiency [40] . Electron donating substituents shift the E 1/2 value to a more negative value [41] and, as DS1 contains a methoxy group, it shifts the E 1/2 value to a more negative value than that of DS2.
Biological activity
The in vitro antimicrobial activities of DS1, DS2 and DS3 were evaluated against Gram-positive and Gram-negative bacteria and yeast. Fresh solutions of DS1, DS2 and DS3 were prepared in DMSO and the final concentration of DMSO did not exceed 0.1%. Muller Hinton agar medium was used to determine the antibacterial activity of compounds against the Gram-positive bacteria, Bacillus subtilis, and the Gram-negative bacteria, Escherichia coli. Chloramphenicol was used as a control. All selected species are fastidious microorganisms, safe for experimentation. A Muller Hinton agar plate was inoculated with 0.1 mL of logarithmic phase bacterial culture. Wells were prepared on Muller Hinton agar plates using a cork borer. Each compound (10 μL; 10 mM) was placed in the corresponding well and the plates were incubated at 30 o C for 24 hours. After 24 hours the plates were observed for antibacterial activity. The activity was measured in terms of zone of inhibition (Gram-positive and Gram-negative)
appearing around the well. The assay was repeated three times and the average values were recorded. The anti-yeast activity against Saccharomyces cerevisiae was also studied for DS1, DS2 and DS3 using the above procedure and the activity was measured as the zone of inhibition. The zones of inhibition against the Gram-positive bacteria were 0.05 cm and 0.08 cm for DS1 and DS2, respectively ( Table 2) ; DS3 showed no activity. The zones of inhibition against the Gram-negative bacteria were found to be 0.13, 0.19 and 0.09 cm for DS1, DS2 and DS3, respectively. The quinone DS2 showed more antibacterial activity than DS1. All three compounds showed activity against the yeast, Saccharomyces cerevisiae, and the diameters of the zones of inhibition were 0.15, 0.20 and 0.07 cm for DS1, DS2 and DS3, respectively, and again DS2 has higher activity compared with DS1 and DS3. The biological activities can be compared with the superoxide anion radicals generated in the dark [42] . The quinone DS2 generates more O 2 ? • than DS1 in the dark (Figure 8 ) and it also exhibits greater antibacterial activity.
Molecular modeling
Semi-empirical quantum mechanical calculations were performed using an Argus computer program, version 3.0 [43] . In this work, the properties of molecular orbital and atomic charges were predicted by using ZINDO/RHF (Restricted Hartee-Fock) semi-empirical Hamiltonian of Zerner et al [44] . The heats of formation of neutral closed -shell sensitizers were computed using a PM3 Hamiltonian. All molecular modeling calculations were performed on an IBM PC (Intel Pentium 4). Results of MO computational studies of DS1, DS2 and DS3 are presented in Table 3 . The two naturally occurring dalbergiones, DS1 and DS2, have a structural difference in the quinone ring. The optimized structures are given in Figure 9 .
The ability to undergo redox cycling to generate ROS is the most prominent chemical feature of quinones. Damage to tumor cells results from their ability to undergo enzymatic reduction to the semiquinone radical [45, 46] . Hence, in the mechanistic action of antitumor drugs, electron transfer plays a major role. The LUMO energies for DS1, DS2 and DS3 (Table  3 .) correlate well with experimental one-electron reduction potentials, E 1/2 [47] . The energy gaps between HOMO and LUMO for DS1 and DS2 are 0.2450 and 0.2466 (au), respectively (Table 3 ). In general, both compounds show higher values of the energy gap, indicating that the polarisability decreases [48] . The HOMO -LUMO energy gap is related to geometrical characteristics. The highenergy gap of DS1 and DS2 may be explained in terms of substituent effects. In the case of DS1, the presence of the electrondonating substituent in the benzoquinone ring restricts the hydrogen bonding with the carbonyl group and the substituent is projected out of the plane with the benzoquinone ring. The other substituent, bulky, at the 5-position is projected out of the plane disturbing the coplanarity.
In DS2, the OH group in the benzoquinone ring is in plane of the ring. However, the substituent at the 5-position is too big to be coplanar. In dalbergin, DS3, the methoxy group at the7-position and the phenyl group at the 4-position are bulky and both are projected out of the plane. In DS2, the OH group, present in the benzoquinone ring, is in plane with the ring. But the substituent at the 5th position is too big to have coplanarity and is found to be out of plane. In dalbergin, DS3, the methoxy group present in the 7 th position and the phenyl group at the 4 th position are bulky in nature and both are projected out of the plane.
Enzymatic generation of superoxide anion
The generation of superoxide anion radical by the enzymatic reduction of quinones is attributed to the cytotoxic activity of quinones [49] [50] [51] . Correlation between reduction potentials of quinones, duroquinones and menadione and their cytotoxic action has been reported [52] . In the presence of cytochrome c reductase, the reduction efficiency rate of the metabolites DS1, DS2 and DS3 are found to be 0.0023, 0.0027, and 0.005 µM/s, respectively (Figure 10 .). Addition of SOD inhibited cytochrome c reduction, indicating that superoxide is involved in the enzymatic reduction of cytochrome c [38, 53] . In this study, the enzymatic reduction efficiencies of DS1, DS2 and DS3 on cytochrome c are correlated with their reduction potential. DS3 has a less negative half wave potential than DS2 and DS1 (Table 1 ). This result suggests that DS3 readily undergoes redox cycling to form a semiquinone radical, followed by reaction with molecular oxygen, to generate O 2 − • .
Photoinduced DNA cleavage
Quinone-mediated photo-cleavage of covalently closed circular plasmid DNA was examined using DS1, DS2 and DS3 in phosphate buffer (pH 7.4). Figure 10 shows well demonstrated. The photoinduced DNA cleavage experiment was also carried out for DS3 in a similar way to that of DS1 and DS2, and the observed result showed that the DNA strand break for DS3 is in accordance with its higher ROS generating efficiency (data not shown). Results of the cytochrome c reduction assay also show good correlation between O 2 ? • generation and DNA scission. Any synthetic compound capable of cleaving DNA is considered to be a potential anticancer drug [55] and these metabolites from D. sissoides can be studied further for their anticancer activity. In this work, we provide strong evidence for electron transfer (Type I) and energy transfer (Type II) mechanisms for the photosensitization of DS1, DS2 and DS3. The Type II pathway was confirmed by the EPR -TEMPL method and optical assay. The type I process was confirmed by the SOD inhibitable cytochrome reduction assay and DMPO spin trapping experiments. The antimicrobial activity is correlated with the enzymatic generation of superoxide anion radicals. The structural modification in the compounds DS1, DS2 and DS3 is responsible for HOMO-LUMO energy differences. The LUMO energies are correlated with the experimental redox potential. Based on the results reported above, the observed photoinduced cleavage of DNA is due to the ROS generating efficiency of the metabolites from D. sissoides.
Chemicals: Rose Bengal (RB), N,N-dimethyl-4nitrosoaniline (RNO), 1,4-diazabicyclo [2,2,2]octane (DABCO) and diethyltriaminopentaacetic acid (DETAPAC) were obtained from Aldrich. Superoxide dismutase (SOD), catalase and cytochrome c were purchased from Sigma, and imidazole, ethylenediaminetetraacetic acid (EDTA) and sodium azide from S.D. Fine chemicals. Dimethyl sulfoxide (DMSO -HPLC grade) was purchased from Qualigens Fine Chemicals. The spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was obtained from Aldrich, and was purified by activated charcoal [56] . 2,2,6,6-Tetramethyl-piperidinol (TEMPL) was obtained from Merck, and reduced nicotinamide adenine dinucleotide (NADH) from Boehringer Mannheim. DS1, DS2 and DS3 were obtained as a gift from the Department of Natural Products Chemistry, Madurai Kamaraj University, India, and used as received. The structures and UV -VIS spectra of DS1, DS2 and DS3 in phosphate buffer (pH = 7.4) are given in Figure 1 and Figure 12 , respectively. Light source: A 150-W xenon lamp with a UV cut off filter combination of 10 cm of potassium iodide solution (1 g in 100 mL of water), plus 1 cm of pyridine was used to cut off below 300 nm to achieve a spectral window of 300-700 nm. The cuvette containing the reaction mixture, placed at a distance of 12 cm from the light source, was stirred continuously during irradiation. The irradiation was generally carried out in an open cuvette in equilibrium with the atmosphere. A Shimadzu UV-VIS Spectrometer (UV-160) was used for optical measurements.
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